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PREFACE

This report examines the performance of a line-of-sight microwave link with a
ray-tracing technique that simulates the propagation of the microwave radiation
through various model atmospheres. The ray-tracing technique is used to deter-
mine the significance of induced refractive bending. This information should be
useful to radio engineers as well as radio meteorologists, especially those
examining the climatology of "significant" weather events. The locations of
radio holes under various propagation conditions and an estimate of the depth of
resulting fades are presented.
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RAY-TRACING ANALYSIS OF A LINE-OF-SIGHT COMMUNICATIONS PATH

Introduction

This report presents the results of a study to determine causes of a high
incidence of reported propagation outages on several Defense Communications
Systems (DCS) wideband line-of-sight (LOS) links in central Germany during the
period October 1975 to February 1976 and again during the winter of 1976-1977.
Although there was strong evidence for the presence of temperature inversions in
the region, no specific data on height or intensity of the inversion layers could
be obtained along a particular LOS path. Thus, there was no direct evidence as
to what specific condition(s) of the atmosphere caused the outages. It therefore
becomes impossible to predict whether any techniques could be employed to over-
come the problem. Additionally, climatologists cannot easily predict the fre-
quency of "significant" weather events (as they affect path performance) in the
future.

This study uses a modeled atmosphere and assumes horizontal homogeneity of
the refractive profile and a flat surface between transmit and receive antennas.
Ray-tracing analysis helps infer the location and vertical extent of radio holes
relative to the height of the receive antenna. By this process one can define
which atmospheric refractivity conditions may be significant enough to degrade
path performance through the modeled atmosphere. This study does not address
multipath fading, antenna decoupling, or other types of atmospheric-induced
signal loss.

Transmissions in one direction only for the path from Feldberg to Adenau
(crossing the Rhine River) are examined. The path from Feldberg to Adenau is
103 km (55.9 NM) long. The Feldberg site transmits at 8 GHz from a 10-foot
antenna, with a centerline takeoff angle at Feldberg of -0.39 degrees and
0.85-degree beamwidth. The predicted received signal level (RSL) is -31.7 dBm
and the fade margin is 47.2 dB. The height of the transmitter at Feldberg is
2473 feet mean sea level (MSL), and the height of the receiver at Adenau is
2223 feet MSL. Significant potential path obstructions (mountain peaks) were
obtained from the path profile. These are drawn on Figure 1 and are represented
on the ray-tracing plots.

Modeling Technique

Although evidence pointed to the presence of temperature inversions during
propagation outages in the winter of 1975-1976, no quantitative evaluation was
performed to determine the strength of the inversion along the LOS path. Neither
were there reliable representative data on the moisture lapse through the sus-
pected layers. Both temperature and moisture, as well as pressure data, are
required to compute atmospheric refractivity through the vertical extent of the
atmosphere. Since the bending of electromagnetic energy propagating through the
atmosphere is determined by the vertical gradient of refractivity, that gradient
must either be measured or modeled.

In this study 12 different profiles of atmospheric refractivity were con-
structed. In 11 cases (Figure 1, profiles 2 through 12) a surface-based trapping
layer (-50N/1000 feet) was assumed with the top of the layer varying from 1200
feet to 2500 feet MSL. The profiles were assumed standard (-12N/1000 feet) above
the layers. In the last case (Figure 19), the gradient of the surface-based
layer was increased to -10ON/1000 feet. The top of the layer was at 2500 feet
and standard conditions were assumed above that level.

The computer program used to generate "rays" of energy from the transmitter
could present 20 rays at one time. The first effort in the ray-tracing analysis
was to generate sufficient rays to encompass the entire beamwidth with a ray
incrementation of 0.05 degrees. As the general location of resulting "holes" was
established, the range of angles was selected so as to define the hole more pre-
cisely and a bundle of 20 rays with 0.01-degree incrementation was generated.
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Ray-Tracing Analysis

As can be seen from the ray-tracing plots, trapping layers that extend from
the surface to 1200-, 1400-, and 1600-feet MSL (Figures 2 through 4) create holes
at the range corresponding to the path length; however, these holes appear below
the height of the receiver. (In all cases the rays reflected from the horizontal
axis of the graph are to be ignored.) Figure 5 depicts a layer extending up to
1800 feet MSL; a resulting hole just reaches the receiver. A closer look at the
hole is presented in Figure 6. With layer tops from 1900 feet to 2400 feet
(Figures 7-16), the receiver is within the hole. As the top of the surface-based
layer reaches 2500 feet, the beam again falls on the receiver (Figure 17).
However, since the entire beam as displayed is within the trapping layer, it is
bent downward considerably. Recalling that the centerline takeoff angle is
-0.39 degrees and the beamwidth 0.85 degrees, the half-beamwidth of the half
power point (-3 dB) is at +0.035 degrees on the upper portion of the beam. Thus,
the intercepted or received signal in Figure 17 should be stronger than -3 dB.
In addition, there is still a hole present. Although not shown in this figure,
it is located above the receiver and is even larger than in previous cases.
(Remember, in each of these cases we are dealing with a modeled atmosphere.
Actual radio holes at the receive antenna would depend on many factors, e.g.,
atmospheric refractivity, surface obstructions (mountains) along the path, etc.)

Figure 18 is a composite presentation of the vertical extent of the "model"
holes relative to the height of the receive antenna for profiles 5-11. From this
presentation, it appears that there is an irregular increase in the height of the
bottom of the hole, while the top of the hole increases nearly linearly, at least
through profiles 5-9. It must be pointed out that the hole presented represents
the vertical distance between two successive rays separated by 0.01 degrees as
they emanate from the antenna. Another choice of ray incrementation ,e.g.,
0.001 degrees, would define the hole somewhat differently, but generally should
diminish only the vertical extent of the hole. The approach generally taken to
determine the significance of a hole is to examine the spreading or divergence of
rays in the hole relative to the spreading elsewhere (above or below the hole).
One may then infer qualitatively the strength of the hole. While the choice of
ray incrementation will alter the absolute size of the hole, the spacing relative
to the divergence of other rays will remain the same. Thus, a subjective deter-
mination of the strength of a hole is independent of ray incrementation.

This concept of ray spacing led to the postulation of an objective methcd to
determine the fading in a radio hole. This technique employes principles of
energy conservation and assumes that the average power density between any two
rays in the bundle being examined is the same when leaving the transmitter. The
assumption is not strictly true since through a half-beamwidth the signal
decreases by 3 dB. However, it is a good approximation when examining rays
within the half-beamwidth. The equation for the amount of fading in dB is

F(dB) = 10 log AH/AH' (1)

where AH is the vertical spacing between successive rays in the unaffected por-
tion of the beam, and AH' is the spacing in the hole. The fading computed by
Equation (1) does not specify the distribution of power across the hole--only the
average fade within the increment.

The output from the ray-tracing program provided the height of each ray at
specified ranges. Using the values of ray heights at the range of the receiver
for each profile, the average ray spacing below the hole and the vertical extent
of the hole were computed to assign values to AH and AH', respectively. Using
these in Equation (1) gives the average fade within the hole, Table 1.

Table 1. Average Fade (F) Within the Hole.

Profile # 5 6 7 a 9 10 11

F (d) -7.7 -6.6 -8.4 -8.7 -10.2 -9.9 -11.6
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The values for fading in the holes presented in the table do not appear
significant. However, those values are meant to represent the e fade
within the ray increment. There is no direct way to determine IEa~Bsolute
minimum signal in the fade region. Also, the above values will be minimized
because the rays below the hole are affected by the refractivity gradient through
the layer. They will be bent downward more in the trapping layer than under
standard propagation conditions. In addition, the vertical spacing between
successive rays will be greater than under normal conditions. However, even if
ray spacing in this portion of the beam were halved, the depth of the fade would
increase by only 3 dB.

Conclusion

Fading on the LOS link from Feldberg to Adenau can be expected whenever
surface-based trapping layers extend to 1800 feet MSL. This fading would be due
to a radio hole in the vicinity of the receiver. The upper limit on the trapping
layer height that would have a significant affect on the received signal is
directly related to the strength of the layer. A trapping layer with a gradient
of -50N/1000 feet extending to 2500 feet MSL will create a hole above the re-
ceiver (Figure 17). However, increasing the gradient to -l0ON/1000 feet in the
same layer places the receiver in the middle of the hole (Figure 19).

Reorientation of the antennas (changing the angle) would not alter the
affects of the hole. Similarly, changing the size of the receive antenna
(inversely related to beamwidth) would not gain an advantage if there is no
energy available due to the hole. If the range of layer heights examined were
realistic, even changing the height of the antennas would not improve the path
reliability. However, if climatologists determine that layers above a certain
height have a significantly low probability of occurrence, then a choice of
solutions will be more obvious.

Another source of fading that is possible on an LOS link is antenna decou-
pling due to the received energy (rays) falling outside the main lobe of the
receiver. None of the cases examined led to such conditions. The propagation
conditions necessary for this type of fade would be extremely strong refractivity
gradients (about -200N/1000 feet) extending through much higher layers.

An additional observation from this study is that any meteorological testing
of this path will necessarily entail measurements somewhere along the path. A
test had tentatively been proposed to instrument each end of the path by placing
meteorological sensors on the tower at multiple levels. However, detection of
layers extending up to 1800 to 2100 feet would not be possible with such instru-
mentation due to the tower's topographic siting. Radiosondes, acoustic sounders,
or tethered balloons would have to be used to define significant trapping layers
intercepting the beam over its midpath.
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